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ABSTRACT 
The electrical resistivity. Hall coefficient and weak 
field magnetoresistance were measured from 5OK to 350K for 
a number of n-type Mg^Ge samples having carrier concentra­
tions at 300K from 1.0 x 10^^ cm~^ to 8.7 x 10^^ cm~^. Our 
data suggests the possibility of a triple conduction band 
for MggGe. The highest band is characterized by <100> 
ellipsoids. At 77K the electron Hall mobility = 2000 
cm /volt-sec and the anisotropy parameter K = = 1.6. 
This band seems to be deformed near the bottom edge so that 
9 
for electrons near the bottom of the band jXjj = 4000 cm /volt-
sec and K = 3.5 at 77K. The next highest band minima also 
lie along <100> directions, but the mobility of the charge 
carriers in this band is only one-tenth that of the charge 
carriers in the highest band. The energy separation of the 
two bands is estimated to be 0.03 + 0.005 eV. The lowest 
band minima appeared to be located either in the <110> or 
<111> directions, or near these directions. The effective — • 
M 
masses of the electrons are estimated to be m=0.63 m^ 
and m* = 0.25 m^ for the higher part of the highest band. 
The conduction effective mass of the electrons in the second 
* 
highest band is estimated to be m = 0.75 m^. The conduction 
—1 52 
mobility varied as T" * at temperatures above 150K for 
most samples indicating acoustic mode scattering was dominant 
at the higher temperatures. 
1 
I. INTRODUCTION 
A. Magnetoresistance 
When a magnetic field is applied to a conductor its 
resistance changes. This effect is called magnetoresistance. 
The study of this effect provides a knowledge of the band 
structure and the scattering mechanisms which are important 
for understanding the transport properties of semiconductors. 
The magnetoresistance was first studied by Gantz (17) 
and extensively investigated by Harding (23), Wilson (60) 
and Davis (11) in the 1930's. The theory was developed on 
isotropic materials with the magnetic field perpendicular 
to the current. Davis (11) extended the theory to include 
anisotropic materials and arbitrary directions of the magnetic 
field. However, the theory was so general that the solution 
could not be expressed in a closed form. In 1950, Seitz (50) 
derived in closed form a general equation for the magneto­
resistance which applied to semiconducting crystals possess­
ing cubic symmetry. This equation initiated many important 
studies of the magnetoresistance in semiconductors. 
The study of magnetoresistance became a useful tool 
for investigating the band structure and the scattering 
mechanism in many semiconductors (4). Conduction band min­
ima in electron energies for n-type Ge were found by this 
method to consist of <111> ellipsoids (46, 42, 22, 20) with 
2 
an anisotropy in mobility ) of about 20 both at room 
temperature, 300K, and at liquid helium temperature, 4.2K 
(6, 22, 33). These facts were confirmed by cyclotron 
resonance experiments (13). 
The conduction band of Si was found to have <100> 
minima by magnetoresistance studies (45, 20, 5, 29) with 
mobility anisotropies of about 5 at room temperature and at 
80K. Similar mobility anisotropies were later obtained by 
cyclotron resonance at low temperatures (12, 13, 47). 
Early magnetoresistance measurements on III - V semi­
conductors indicated that a spherical energy surface at 
k = 0 in the Brillouin zone where k is the wave-vector. 
InSb (55, 15), InAs (16), GaSb (3), GaAs (30) and InP 
(19) are some examples which, in their pure state, showed 
zero longitudinal magnetoresistance. This result indicated 
a spherical conduction band at k = 0. As the number of 
carriers was increased, the III - V semiconductors began to 
show anisotropy in the magnetoresistance. This result in­
dicated the existence of a second conduction band of a 
many-valley type above the spherical band. Frederikse and 
Hosier (16) found the <111> type subsidiary conduction band 
in InAs for n > 10^^/cm^. The same type of subsidiary con-
18 3 duction band was found in GaSb for n > 1.25 x 10 /cm (3). 
In GaAs the subsidiary conduction band was the <100> type, 
and was a few hundredths of an eV in energy above the prin­
3 
cipal band at X = 0 (30). 
The valence band edge of most semiconductors lies at 
k = 0 in the Brillouin zone. However, the band is generally 
degenerated or warped, and the magnetoresistance study in 
p-type semiconductors is not as clearly understood as in 
n-type materials. 
B. Properties of Mg^Ge 
Crystal structure 
Mg^Ge is a II - IV compound semiconductor of the Mg^X 
family where X can be Ge, Si, Sn or Pb. The Mg^X compounds 
crystallize in the fluorite structure which belongs to the 
cubic space group Fm3m. These compounds have higher sym­
metry than the III - V semiconducting compounds, such as 
InSb, which crystallize in the zinc blende (sphalerite) 
structure and belong to the space group F43m. MggGe has 
centers of symmetry not possessed by InSb, but MggGe has 
three atoms in a primitive unit cell while InSb has only 
two atoms in a primitive cell. MggGe has 12 atoms (8 Mg 
and 4 Ge) in the face-centered cubic cell. A unit cell of 
Mg2Ge is shown in Figure 1. The lattice constant of Mg^Ge 
is 6.378 + 0.002 A (62, 27, 7, 61). 
# Ge ATOM 
o Mg ATOM 
Figure 1. Crystal structure of MgoGe. Eight Mg atoms are at +1/4, +1/4, +1/4. 
Four Ge atoms are at 0,0,0;0,1/2,1/2; 1/2,0,1/2; 1/2,1/2,0. 
5 
2 .  Electrical properties 
Busch and Winkler (7), and Winkler (61) measured the 
electrical resistivities and Hall coefficients of poly-
crystalline MÇgGe. They determined an energy gap of 0.74 
eV at zero Kelvin with a temperature coefficient of -7.6 
X 10"^ eV/K. The Hall mobility was found to vary as t~^*^ 
from 700K to 900K. Whitsett and Danielson (58) measured 
the Hall effect and electrical resistivity of a single 
crystal of MggGe having a carrier concentration of 3 x 
17 —3 10 cm" . They reported that the energy gap was 0.63 eV 
—3 /2 
and that the Hall mobility varied as T~ ' at high tem­
peratures . 
Redin et a2. (48) extended the measurements to high 
purity crystals having carrier concentrations as low as 
3 X 10^^ cm~^. They concluded that, at high temperatures, 
— 2  the Hall mobility varied as T~ and found an energy gap of 
0.69 eV at zero Kelvin. They computed effective masses of 
* • 
m - 0.18 m and m - 0.31 m , where the subscripts n and 
n op o 
p denote the electron (negative) and hole (positive) 
charge carriers, respectively, and m^ is the free electron 
mass. 
6 
_3. Optical properties 
McWilliams and Lynch (40) and Kahan et (26) made 
infrared reflectivity measurements on Mg^Ge and found a 
rests trahi reflectivity peak at 45p, (2.757 x 10"^ eV) . 
Koenig et ad. (28) found from infrared absorption measure­
ments that the absorption edge appeared to be due to an in­
direct transition indicating that the conduction band edge 
is not at the center of the Brillouin zone. They obtained 
an energy gap of 0.69 eV with a temperature coefficient of 
-6.5 X 10"^ eV/K. 
Stella and Lynch (53) made photoconductivity measure­
ments on Mg^Ge at 15K and found a photoresponse peak at 
0.67 eV. They reported some unexplained structure in the 
photoresponse curves near the tail of the absorption edge 
in n-type Mg^Ge. The large photoresponse peak at 0.58 eV 
was interpreted in terms of electronic transitions from 
the conduction band edge to higher conduction band minimum. 
Mead (41) made optical absorption and surface barrier 
photoresponse measurements on MggGe and at lOK found an 
indirect transition at 0.54 eV and a direct transition at 
1.8 eV. Lott and Lynch (37) made infrared absorption 
measurements in Mg^Ge and obtained an energy gap of 0.57 
eV at zero Kelvin with a temperature coefficient of -1.8 
X 10"^ eV/deg. They observed an absorption band at 0.57 
eV in n-type MggGe which masked the absorption edge. At 
7 
4.2K they observed a secondary absorption band about 0.03 
eV higher than the main absorption band, but the interpre­
tation of this band was not conclusive. For p-type samples, 
however, the observed absorption bands were interpreted as 
transitions between three germanium-like valence bands at 
the center of the Brillouin zone. The spin-orbit splitting 
of these bands was found to be 0.20 eV and the ratio of the 
heavy-hole mass to the light-hole mass was found to be 
6 + 1. 
4. Thermal and elastic properties 
LaBotz and Mason (32) measured the thermal conductivity 
of Mg^Ge from 273K to 573K and concluded that phonon scatter­
ing was predominant. They found XT to be a constant where X 
is the thermal conductivity, and the constant is 19.8 watts/ 
cm. Martin et (38) extended the measurements down to 
4.2K, and concluded that phonon-phonon scattering was domi­
nant above 2OK. Scattering of phonons by free electrons re­
duced the thermal conductivity of the impure samples below 
20K. 
Gerstein et (18) measured the heat capacity of 
MggGe and tabulated the lattice heat capacity, Debye tem­
perature, and thermodynamic functions in the range 0 - 300K. 
Chung et (8) measured the longitudinal and trans­
verse sound velocities of Mg^Ge and calculated the lattice 
8 
vibration frequencies and specific heat. The Debye tem­
perature of 492 + 8K at OK, determined by their calculation, 
was in good agreement with experiment. 
Stella et (52) found the pressure coefficient of 
the band gap in Mg^Ge to be very small and estimated 
(•^) = (0+0.5) X 10"^ eV bar~^ . 
C. Purpose of This Investigation 
Relatively little is known about the band structure of 
Mg^Ge. Since Mg^Si (59) and Mg^Sn (56, 10) were found to be 
<100> many-valley semiconductors, it has been speculated . — 
that Mg^Ge may also have <100> ellipsoids for its conduction 
band minima, as calculated by Lee (34). 
Understanding of the fine structure of the conduction 
band as observed in optical studies (53, 37) has suffered from 
lack of knowledge of the band structure of Mg^Ge. Lee (34) 
calculated the band structure of Mg^Ge by a pseudopotential 
method. Folland and Bassani (14) employed selection rules 
to explain certain experimental features of Mg^Ge in terms of 
the electron and phonon structures. However, no experiments 
have yet been attempted with the purpose of investigating 
the electron structure of this material. 
We decided, therefore, to make electrical resistivity. 
Hall coefficient and magnetoresistance measurements on n-type 
Mg^Ge in an attempt to understand the electronic structure of MggGe. 
9 
II. THEORY 
A. Magnetoconductivity Ten. or Components 
Seitz's (50) phenomenological relation which holds in any 
material having cubic symmetry in the low field limit is 
J = cTQE + a(ExB) + pB^E + y(E • B)B + ÔTE (1) 
2 2 2 
where T is a diagonal tensor with elements B^^ , B^ and B^ 
(the coordinate axes 1, 2, and 3 being taken along the crys-
3 tal axes) and terms of order B and higher are neglected. 
<TQ is the ordinary electric conductivity under zero field 
conditions, and a is a constant related with the Hall coef­
ficient, and p, Y and & are constants related with mag-
netoresistance coefficients. 
The constants in Equation 1 called Seitz's (50) coeffi­
cients, can be determined by solving the Boltzmann equation. 
Wlien weak fields E and B are applied to an isothermal system, 
the Boltzmann equation reads 
'^(2 + g X S) . = #scatt ' '2> 
where e > o for electrons and f(k) is the Maxwell-Boltzmann 
distribution function for semiconductors. The problem is 
greatly simplified when a relaxation time T can be intro­
duced such that 
10 
(Èl) = _ ^ 
9t scatt T ' 
where is the distribution function uior zero field. The 
general treatment involves putting 
8f^ 
f = f^ - m(k)y^ . (4) 
Substituting 3 and 4 into 2 and neglecting terms involving 
products of E and 93, we obtain 
^ffi(k)+ = 0 (5) 
where 
-+ -4- -+ 
Q = V E X V 
k k 
is an operator. This equation can be solved by an iterative 
method for ffi. 
ffi (k) = - . Y ]^E - (—2^® * ^ 
+ (-%) B . H[tB • Q(TE . V. E) ] +...]. (5) 
^ 
» - Ï-J % - ^  I-, 
(6a) 
11 
This expansion is valid only when cot < 1/ co being eB/(m c) . 
The electric current density due to charge carriers can be 
written in terms of ffi as follows: 
Ji _ 
47r^ 
96 
ak^ s (3c) 
af 
ae 
- d\ . (7) 
Customarily, the electric current density is also written 
as 
Ji _ , coT<l (8)  
where a's are magnetoconductivity tensors and superscript o 
denote-for zero field limit. Substituting Equation 6a into 
7 and comparing with 8, one gets 
ae ae 
af 
ak^ akj ae , (9) 
o 
n . ijl A,r3;^4 &- e 
ae (T-&-)-T7-^ d"k , (10) 
af o ^3-
4 rVc .1 ()^i ^kp o\-ak/ae 
o 
''ijlm T 
ae ae 
ak^ 1rs ak^ akg 
(11) 
From the Kohler-Onsager relation 
J (B) = o (-B) , 
J-J J X 
(12) 
12 
it is apparent that 
_o _ 
a^. -
a° - cT° 
'ijl " "^jil ' 
(13) 
^ijl = 0 if i = j 
cr° = cT° 
ijlm jilm ' if the coefficients are 
syiranetric in 1 and m. 
For crystals belonging to the cubic group 0^ (point group 
mSm) the different nonvanishing conductivity components 
through the fourth rank tensors are given by (39) Equa­
tion 8. 
o . o 
^ij • ^11 ' 
o _ o _ o 
^11 - ^22 " ^ 33 • 
o o 
'^ijl • "123 ' 
o o 
"ijl " ^ ijl^l23 • (14) 
"ijlm * "nil ' "1122 ' "1212 ' 
If we write Equation 1 in tensor notation, and taking into 
account the symmetry in 1 and m, 
+ + ^il^mj]^jVm + ^^ij^il^im®j®l®m ' 
(15) 
13 
A comparison of Equation 8 and 15 gives 
•^ij ^ ^o^ij ' 
(Tj2 ~ '^^ijl ' (16) 
(^ijlm ~ P^ij^lm 2^^^im^lj ^il^mj ^ ^^ij^il^i 
Considering Equation 14, we find 
m 
"11 = °o ' 
o 
''123 - ^ ' 
0^222 " P ^ ' (17) 
•^1122 ~ P ' 
o 1 
"1212 = ly ' 
From Equation 17 Seitz's coefficients are related to the 
basic conductivity components; 
o 
Oq - <^11 ' 
a - 0]_23 ' 
P ~ "1122 ' 
V = 2a° 
1212 ' 
14 
_ _ o o - o 
^ " ^ 1111 " ^ 1122 " ^°^1212 • 
Thus, if we assume suitable constants-energy surface in k 
—V —y 
space, £ = &(k), and the scattering mechanism t = T(k) in 
the integrals of Equations 9, 10 and 11 we get the cor­
responding Seitz coefficients by Equation 18. 
B. Experimental Approach 
Now we will show how the Seitz coefficients can be de­
termined experimentally. Consider Equation 1 again. In 
—> -4-
the experiment we keep J fixed and allow E to adjust itself 
accordingly. So we invert Equation 1 into a form 
E = p^[j + aJ X B + bB^J + c(j . B)B + dTj] . (19) 
Substituting Equation 19 into Equation 1 we get the rela­
tions between the constants o^, a, p, y, & and the con­
stants |i^, a, b, c, d. 
a -(xpQ / 
b = "(p + a^Po)Po ' 
" (20) 
2 
c = -(y-a Po^^o ' 
d T , 
where PQ = l/n^ • 
15 
2 -4- -4" 
Now we multiply Equation 19 by .J/j and notice E = pJ 
where p = p(pQ/B,J). Then, 
p = + beV + C(B.J) + D(+ JGB2 + ) ] , (21) 
J 
and 
p B'^  J'^B J 
^ O 
We define the magnetoresistance coefficients as 
mnp 
CL<®> = (23) 
Po® 
and we define zero-field limit magnetoresistance coeffi­
cients 
KÎSi = ^ 'Ci 
Here (m, n, p) is the magnetic field direction and (h, k, 1) 
is the current direction. If we measure the magnetoresistance 
in certain selected directions shown in Figure 2, we get the 
following magnetoresistance coefficients. 
Ml3f . , . I , 5^ , 
(25) 
15 
<lTQ> 
1 3 5  
45 
B 
Figure 2. Sample orientations. Magnetoresistance co­
efficients were measured along <112>, 45°, 
<111> and 135° directions. 
17 
"ÏÏ2 = ^ ^ f ' 
ÏÏ2 d 
%2 = b + c + ^  . 
By measuring the four weak-field magnetoresistance coefficients 
we get all the magnetoconductivity tensor components in 
Equation 17. By comparing these with theoretical values 
mentioned at the end of the previous section one can de-
termine whether the particular assumptions e = e(k) and 
X = T(k) are suitable or not for the given semiconducting 
material. 
C. Energy Surfaces of the Many-Valley Type 
In 1950, Seitz (50) attributed the anisotropic mag­
netoresistance of cubic crystals to the following set of 
assumptions : 
(a) e(k) = / 
a single band having spherical energy surfaces. 
(b) T(k) = To(k) + Ti(k)Y(G,m) , 
—V 
where and are functions of |k | which have 
a constant ratio and Y(G,ë) is a spherical harmonic 
having cubic symmetry. 
On these assumptions he carried out the integrals in Equa­
tions 9, 10 and 11 and obtained the numerical values of the 
18 
constants CQ/ cc, p, y and 6. Pearson and Suhl (46)/ in 
1951/ performed an experiment on single crystals of Ge to 
check Seitz's theory. The result was quite in disagreement 
with the theory/ and consequently, suggested a different 
assumption for theoretical work. They assumed a set of 
anisotropic constant-energy surfaces which/ as a whole, have 
cubic symmetry. In 1954, Abeles and Meiboom (1) and Shibuya 
(51) carried out independently theoretical work based on the 
following assumptions: 
(a) A band structure for the electrons which consists 
of a set of ellipsoids having constant energy 
surfaces. 
(1) 3 or 6 ellipsoids with major axes along ';100 > 
directions, 
(2) 4 or 8 ellipsoids with major axes along (111) 
directions, 
(3) 12 ellipsoids with major axes along <110). 
((3) is assumed only by Shibuya.) See Figure 
3. 
—f 1/ 
(b) T(k) = T(k) ^ ^ which corresponds to acoustical 
phonon scattering. 
Their results confirmed that n-Ge is best approximated by 
<111> type ellipsoids and n-Si by (100 ) type ellipsoids. 
Herring and Vogt (24, 25) extended the theory to include 
anisotropy in the relaxation time T. 
Figure 3. Constant energy ellipsoids for a many-valley 
semiconductor. 
(a) A detail drawing of one of the ellipsoids 
shown in (b). 
(b) A set of constant energy ellipsoids along 
the <100> directions arranged to preserve 
cubic symmetry. 
ELLIPSOID 
( a )  
(b) 
21 
Now we will develop this theory. Assume 
.4, * + —* 
mi m^ m3 
(26) 
* * * * *  
we let - ^ 2 " "li. ' "*3 ~ define 
(b) We assume = o 
'^11 
T ( e ) and T = T^T:(e) . 
* 
(27) 
We define K = 
% 
K 
, and K = 
T 
II 
We solve the Boltzmann equation by solving the integrals in 
Equations 9, 10, 11 for one ellipsoid and then sum over all 
ellipsoids (Figure 3). The principal conductivity coeffi­
cients are: 
2 2 for electron 
(K) , (28) 
' ' + for hole 
where 
1 _ ^ 
Mo - * 
22 
( JT ) is the longitudinal valley mobility. Also, n is the 
carrier density per ellipsoid and 
Zn^^^ = n . 
The average values are defined by the relation 
OO 
<T> = —^ 
3^/rr 
T:(X) e * dx , X = • (29) kT 
O 
( IT* ) 
Values of the anisotropy factors g (K) are listed in 
Table 1. 
Now we add 28 for all the ellipsoids in the system 
o 2 > 
0. . = ne * S 4 4(K) 
m 
3 > 
a 
4 > 
o _ ne '• /y\ 
"ijlm - c (n,* )3 ijlm^^^ ' 
Values of the anisotropy factor ç(K) are given in Table 2. 
We can relate the constants p^, a, b, c, and d with these 
anisotropic quantities. 
23 
Table 1. Values of anisotropy factors for conductivity 
coefficients in case of single ellipsoid. 
Conductivity coefficients (K) 
o(r) _ o(r) ^ 
^11 " ^ 22 
o(r) 
^33 
(1 
^o(r) _ p(r) _ o(r) 
"1221 ~ "2112 ~ °2332 
1 
o(r)_ p(r) 2 
"123 - " "213 ^ 
o(r) _ o(r) _ o(r) _ o(r) 
"231 ~ "312 ' " "132 ^321 ^ 
o(r) _ o(r) J.2 
"1122 " "2211 
o(r) _ o(r) 3 
"1133 " "223 , . 
p(r) _ o(r) " 
"3311 ~ "3322 
o(r) _ o(r) _ o(r) 
1212 " "2121 " "2323 
_ o(r) _ o(r) _ o(r) 12 
" ^ 3232 ~ "3131 - "1313 2^ 
Table 2. Anisotropy factors for systems of ellipsoids having cubic symmetry. 
^ (K) 
Conductivity [100] type [111] type [110] type 
coefficients ellipsoids ellipsoids ellipsoids 
j(2K + 1) •|(2K + 1) j(2K + 1) 
C°23 Y^(K + 2) ^K(K + 2) jK(K + 2) 
a°3^jLl 0 - |K(K - 1)^ - |K(K - 1)^ 
C°J^22 - + K + 1) - |(2K + 1) (K + 2) - |(K +1)^ 
C°212 ^(2K + 1) (K + 2) + 4K + 1) 
m 
K = n 
• 
T, 
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a (^123 . <T^> 5123 
- - .o - e 2 (K) ' 
•. 4' — <T > 1 <T>3 5II(K)'""^1111 ^ ^ 1122 2^1212^^^^* 
These constants are listed in Table 3 for three cubically 
symmetrical arrangements of ellipsoids. 
Measurement of directional magnetoresistance coeffi­
cients permits one to distinguish between various arrange­
ments of ellipsoids in the Brillouin zone. From Table 3 
we see that 
spherical symmetry (K = 1); b + c = 0, d = 0 
< 1 0 0 )  t y p e  e l l i p s o i d s ;  b + c + d = 0 ,  d  <  0  
(32) 
(111) type ellipsoids; b + c = 0, d> 0 
<110) type ellipsoids; b+c-d= 0,d > 0 . 
The relations in Equation 32 are independent of the scatter­
ing mechanism. 
Ellipsoids in Equation 26 with m^ / m2 / m^ cannot be 
Table 3. Inverse Seitz coefficients for systems of ellipsoids having cubic symmetry. 
Coefficients (100) type ellipsoids (111) type ellipsoids (110) type ellipsoids 
Po-^®ro 2K + 1 2K + 1 2K + 1 
<T^> 1 
<T> 
2 H-c 
<T> 
3 i"o^ 
K(K + 2) 
2K + 1 
K(K + 2) 
2K + 1 
K(K + 2) 
2K + 1 
K(K^+K+1) <T2>2 K(K+2) ,2,_\ 3K(K+1)^ ,2,„x 
2K.1 3 4(2K.I) 
<T^>, 1.2 
—3'fo' 
<T> 
- [  3K' , 2  2K+1 
<T><T > 
y-A'' (K) ] Y-A^(K)] 
<T><T > ZUK.+ 1) <T-><T-^> 
<t3> 
<T> 
- K(K - 1) 
2K + 1 
2K(K - 1) 
3(2K + 1) 
K(K - 1)^ 
4(2K + 1) 
where A(K) = K(K + 2) 2K + 1 
27 
used as a possible energy surface since one cannot arrange 
such ellipsoids to meet the requirement of cubic symmetry. 
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III. EXPERIMENTAL PROCEDURE 
A. Preparation of Samples 
1. Crystal growth 
Single crystals of Mg^Ge were grown by two different 
Bridgman methods. One was the usual Bridgman technique, in 
which polycrystalline Mg and Ge were weighed and loaded into 
a graphite crucible, and the crucible sealed into a stainless 
steel bomb at 1 atm He gas pressure. The bomb was kept at a 
temperature of 1180°C (melting point of MggGe is 1115°C) for 
approximately 12 hours. During this period the materials 
should mix thoroughly. The wire suspending the bomb was cut 
and a rubber band was inserted to join the two pieces to­
gether again. The rubber band absorbed mechanical vibrations 
from the outside motors (Figure 4). The bomb was then lowered 
at a rate of 0.5 cm/hr. When the bomb was cooled to about 
900°C the lowering rate was changed to 3 cm/hr. 
Ingots Jl and F19 were grown by this method. The Ge was 
obtained from the Eagle Richer Company and had a stated resis­
tivity of 40 L2-cm. Ingot Jl was grown from 99.995% purity Mg 
obtained from the Dow Chemical Company. Ingot F19 was grown 
from Dow Chemical Mg that had been vacuum distilled by 
Grotzky and Millis of the Ames Laboratory. The effect of the 
distillation of Mg upon the Mg^Ge crystals was significant. 
When only two percent or less Mg, in excess of the stoichio-
Figure 4. Method for growth of single crystals of Mg2Ge. 
(a) Graphite crucible to hold the Mg2Ge compound. 
(b) Bridgman furnace used to grow the Mg_Ge 
crystals. 
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metric proportion was added the crystal became p-type; and 
when ten percent or above of excess Mg was added the crystal 
became n-type. 
The rest of the ingots/ namely J23, J8, J15 and Pi, were 
grown by a modified Bridgman method. This method has been 
described by Grossman and Danielson (10) who grew single crys­
tals of Mg^Sn. These ingots Mg^Ge were grown from the same 
materials as those used in the growth of ingot Fl9. 
2 .  Orientation and shaping of samples 
Magnetoresistance measurements required samples to be 
in the form of rectangular parallelepipeds. The orientations 
are shown in Figure 5. Samples with these orientations, say 
[112], have two advantages: 1) it is easy to prepare such 
samples with accurate orientations, since the Mg^Ge single 
crystals cleave along the (111)-plane; and 2) all the mag-
netoresistance tensor components can be obtained by means 
of a single experimental run (56). When the inhomogeneity 
of the samples is a serious consideration use of the single 
run method is particularly important for it is far better 
than the conventional methods which require two samples for 
a single set of data. In most previous magnetoresistance 
experiments on cubic crystal data on both [100] and [110] 
samples were taken to obtain the three magnetoresistance 
tensor components. 
The ingots were cut with a stainless wire saw. An 
Figure 5. Orientations of a magnetoresistance sample. 
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abrasive slurry of #400 SiC grit suspended in kerosene was 
applied to the wire to serve as the cutting agent. The saw-
cut surfaces were lapped by hand on the John Crane lapping 
wheel. The final dimensions of the magnetoresistance sam­
ples were approximately 1.3 by 1.4 by 11 mm. 
When the ingot showed more than two cleavage planes, 
as it came out of the crucible, one could easily find the 
required orientations as shown in Figure 5. In other cases, 
the samples were oriented by the Laue method of x-ray dif­
fraction. For this purpose a special tool for orienting 
and lapping crystals was designed. Figure 6 shows how crys­
tals were oriented with this new tool. With this device, 
crystals were easily obtained to within 0.5 degree of any 
specified orientation. 
3 .  Inhomoqeneity of samples 
The prepared samples were tested at 300 K for homogeneity 
in electrical resistance before any actual magnetoresistance 
data were taken. Two probes, set 2 mm apart, were moved along 
the crystal and resistivities between these two probes were 
measured at 1 mm intervals. For the impure samples, the 
inhomogeneity in electrical resistivity was less than seven 
percent over a distance of 7 mm along the length of any ac­
ceptable crystal. Some of the purest samples, however, had 
very large inhomogeneities over the 7 mm distance. In these 
Figure 6. Orientation of single crystals. 
(a) Crystal orienting and lapping tool. 
(b) Arrangement of orienting tool on the x-ray 
bench. 
(c) Arrangement of tool in the lapping process. 
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cases, all electrical measurements were confined to the most 
homogeneous 2 mm of length. 
Any pure samples which were not homogeneous to less 
than seven percent within a 2 mm length were discarded. 
B. Measurements 
All the galvanomagnetic measurements were made by a 
conventional dc potentiometer technique. Five spring con­
tact probes were attached to a sample to measure the re­
sistivity, Hall coefficient and magnetoresistance coefficient. 
_1. Probes and sample holder 
Figure 7 shows the arrangement of the probes attached 
to the sample. Probes 1 and 2 are current probes, 3 and 4 
are for resistance and magnetoresistance measurements, and 
5 is for Hall voltage measurements. 
Difficulties were encountered in putting probes on the 
Mg^Ge samples, and several methods were tried. A spark dis­
charge method either cracked the sample or produced à de­
pression around the point on the crystal where the wire was 
touched. A constant-current discharge method resulted in 
similar failure. 
Various soldering techniques were also tried. Indium 
soldering or ultrasonic soldering gave good contact at room 
temperature. At liquid nitrogen temperature, however, the 
soldered probes did not adhere to the sample. Presumably, 
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<iii> 
412) 
3 4 
Arrangement of the probes attached to the sample. 
Probes 1 and 2 are current probes, 3 and 4 are 
for resistance and magnetoresistance measure­
ments, and 3/ 4, and 5 are for Hall voltage 
measurements. 
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the soldering was not strong enough to withstand the dif­
ference in thermal expansion of the sample and the soldering 
material. Another difficulty is that any soldering process 
tends to contaminate the sample surfaces, and thereby intro­
duce spurious effects. 
The method found to be most satisfactory employed a 
spring contact made of phosphor bronze. Springs were made 
of a strip of phosphor bronze 0.2 mm thick and 2 mm wide. 
The spring force acted symmetrically about the contact 
points. Figure 8 is a sketch showing spring contact probes 
for resistivity measurements (a) and for Hall measurements 
(b). In Figure 8 (a) and (b) the sample cavity width is 
almost the same as the sample width so that the sample 
stays in place and good thermal contact with the surrounding 
sample holder is maintained through the polyester film. 
This film is inserted between the sample and sample holder 
to insulate the sample electrically. The springs 3 and 4 in 
Figure 8 (c) are allowed to rotate freely about the nylon 
shaft. This rotation prevented possible slipping of the 
probes on the sample surface due to thermal contraction of 
the sample with respect to the sample holder. The holes in 
the springs 3 and 4 allowed one to measure the probe distance 
with a traveling microscope. 
This sample holder was satisfactory for samples cut 
from ingots Jl, F19 and J23 which had small inhomogeneities. 
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Figure 8. Sample holder with spring contact probes. 
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For the pure samples, however, inhomogeneities were a great 
concern, especially for the measurement of galvanomagnetic 
effects. It was necessary to make the resistivity probe 
distance (5.5 mm in Figure 8 (c)) shorter in order to obtain 
better homogeneity from the same sample. The sample holder 
in Figure 8 was, therefore, modified to have a shorter probe 
distance as shown in Figure 9. In the new sample holder the 
probe distance was 1.273 ram, and this short distance almost 
eliminated all spurious inhomogeneity effects. 
Figure 10 shows an over all view of the sample holder. 
The two teflon wheels guided the sample holder in an axial 
rotation. The copper cover provided a rather uniform ambient 
temperature over the entire sample. Heat conduction to the 
sample was minimized by the small diameter (0.005 inch) 
wires. The wires were thermally anchored to a copper heat 
sink located 2 feet above the sample holder (not seen in 
Figure 10). The wires were also anchored to the main body 
of the sample holder. 
2 .  Crvostat and magnet 
The sample holder was mounted in a standard liquid 
helium cryostat designed by P. H. Sidles. A rotating gear 
on top of the cryostat was designed to rotate the sample 
holder in the cryostat. The angle of rotation was "read by 
a DECITRAC of the Theta Instrument Corporation. 
Figure 9. Modified sample holder with resistance probe 
distance of 1.27 mm. 
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Liquid nitrogen temperatures were obtained when liquid 
nitrogen was put into the liquid helium chamber and transfer 
gas (He) was put into the sample chamber. Any arbitrary 
temperature above the bath was obtained by control of the 
heater current with the transfer gas evacuated. The lowest 
temperature (48 K) was obtained by pumping on liquid nitro­
gen (which boils at 77 K at atmospheric pressure). 
A Varian magnet with pole pieces six inches in diameter 
produced a uniform magnetic field strength up to 7000 gauss. 
The magnet was designed to be rotated about the axis of the 
cryostat. Normally, the magnet was rotated to obtain the 
desired angle between B and J, since rotation of the sample 
holder disturbed the thermal equilibrium of the sample at 
temperatures above the bath temperature. The magnetic field 
induction was read from a model 1890 gaussmeter manufactured 
by Radio Frequency Laboratories. The gaussmeter had been 
calibrated by a synchronously driven rotating coil and a 
Rowson"field strength indicator. 
3 .  Apparatus and measurements 
All the voltages were measured by a conventional dc 
potentiometer technique. The unknown voltage was compen­
sated with a known constant dc voltage. A block diagram of 
the complete apparatus is shown in Figure 11. 
A constant current through the sample was obtained 
Figure 11. Block diagram of the magnetoresistance 
apparatus. 
HEATER 
CONTROLLER 
HEATER THERMO­
COUPLE 
ICE 
BATH 
O-IOOO 
V 
I  n 
STANDARD 
RESISTANCE 
SWITCHING 
CIRCUIT) RUBICON 
BUCKING 
POTENTIAL BOX 
4^ 
m 
RUBICON 
POTENTIOMETER 
KEITHLEY 
NANOMETER 
46 
from 16 mercury cells connected in series with the sample 
and a high resistance decade box. A constant current of 
0.5 - 1.5 mA, depending on the resistivity of the sample/ 
was turned on at least 30 minutes before any data were taken 
in order to achieve thermal equilibrium. Switch K1 reversed 
the sample current. Measurements with normal and reverse 
currents allowed any thermal voltages to be averaged out. 
Resistivity measurements were taken with switch K2 open. 
The Rubicon potentiometer, with a Keithley nanometer as a 
null detector, measured the zero field resistivity. 
For the Hall voltage measurement, the switch K2 was 
closed so that a high resistance was introduced between the 
resistance probes 3 and 4. The sliding contacts 6 (coarse) 
and 7 (fine) were adjusted to give zero potential drop with 
zero field. This arrangement is sketched in Figure 12 (a). 
r° and r^ are the resistances of the sample between probes 
3 and 5, and 4 and 5 respectively at zero field, r^ and r^ 
are resistances between 3 and 6 and 4 and 6 respectively 
with zero potential drop across the potentiometer. These 
resistances satisfy the relation 
With the magnetic field applied, the ratio r^/rg became 
r^/rg due to the magnetoresistance effect on r° and r^ 
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(Figure 12 (b)). The ratio r^/rg is equal to r^/rg only 
when the sample is 100% homogeneous. With this condition, 
r^/rg = the deflection in the potentiometer exactly 
corresponded to the Hall voltage across the sample. For 
the samples with a certain degree of inhomogeneity, however, 
r°/r° was no longer equal to r^^/r^, and the bridge circuit 
was no longer balanced. The deflection in the potentiometer 
in this case was due to both Hall voltage and the unbalance 
of the circuit. By taking another measurement with the 
magnetic field reversed and taking the average of the two 
measurements, one obtained the true Hall voltage. This 
procedure provides another method for checking the homogeneity 
of a sample. Some impure samples showed more than 20 percent 
-4" 
difference between the two Hall voltage readings with +B and 
—^ 
-B. Our selected samples showed less than 2 percent dif­
ference. 
Before taking Hall voltage data one should determine the 
...Y —Y 
direction of J with respect to B. On the top plate of the 
sample holder a mark line was drawn parallel to the sample 
cavity. With this line one could find the angular position 
of the sample holder such that 0=0, where 6 is the angle 
between B and J. The Hall voltage was then measured as a 
function of ©. Th^ position where zero-Hall voltage occurred 
gave the position 0 = 0. The 6=0 positions determined by 
the two methods were different by more than 10 degrees for 
Figure 12. Measurement of Hall voltage. 
(a) Block diagram of the circuit for Hall 
voltage measurements. 
(b) Effective circuit diagram of (a). The 
sample forms two arms of the Wheatstone 
bridge. When a magnetic field is applied 
the magnetoresistance effect in these two 
arms will destroy the balance if the sam­
ple is inhomogeneous. It is therefore 
important to measure Hall voltages for 
both directions of the magnetic field. 
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the impure samples. Our selected samples, however, had the 
two positions within 3 degrees. The zero-Hall voltage po­
sition was used as the 6=0 position. This position was 
also used in the magnetoresistance measurement. 
The magnetoresistance voltages as well as the Hall 
voltages, were measured by bucking out the change in voltage 
with a Rubicon bucking potential box. For each constant 
ambient temperature and for each fixed position of ©, four 
"+ —^ —y 
magnetoresistance coefficient values, M(+J,+B), M(+J,-B), 
—V —}• —y —y 
M(-J,+B) and M(-J,-B) were measured and averaged. The 
thermal and Hall voltages were thereby minimized. 
4. Heater and thermometry 
The heater which maintained the ambient sample tem­
perature was made from 50 Q of #35 manganin wire wound on 
the center portion of the sample holder. A copper-constantan 
and a copper-gold iron (Au + 0.03 at % Fe) thermocouple were 
attached to a piece of copper plate which together was 
glued on the heater windings. These thermocouples acted 
as a sensing element for the temperature controller which 
has been described by Muhlestein (43). The copper-constantan 
thermocouple was used for the temperatures above liquid 
nitrogen temperature, and the copper-gold iron thermocouple 
was used for the temperatures below liquid nitrogen tem­
perature. 
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Another set of thermocouples of copper-constantan and 
copper-gold iron, attached to the sample holder near the 
sample cavity (Figure 9 (b)), determined the sample tem­
perature. An ice bath provided the reference junction 
for all thermocouples. 
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IV. EXPERIMENTAL RESULTS 
The dimensions and characteristics of ten n-type MÇgGe 
samples are given in Table 4. The samples are divided into 
four groups A, B, C, and D according to their galvanomagnetic 
properties, which depend on the carrier concentration of the 
samples. 
A. Hall Coefficient and Resistivity 
The Hall coefficients of seven samples from 48K to 350K 
are shown in Figure 13 . in this temperature range all sam­
ples exhibit extrinsic behavior. The straight dashed line 
above BOOK indicates the Hall coefficient measurements in 
the intrinsic temperature range which have been made pre­
viously by Redin et al.(48). 
For all samples, the Hall coefficient decreases with 
increasing temperature rather rapidly from 5OK to lOOK. At 
lOOK ionization of the donor impurities is complete, and 
above lOOK the saturation region begins for all samples. 
For A- and B- samples the Hall coefficient saturates 
slowly with increasing temperature above lOOK. This behavior 
is typical of a simple semiconductor. For C-samples, how­
ever, the Hall coefficients exhibit an anomalous behavior. 
The Hall coefficients of the C-samples pass through maxima 
just before the onset of intrinsic conduction. The maxima 
move toward lower temperatures for the samples with lower 
Table 4. Dimensions and characteristics of n-type MÇgGe samples. 
Sample Group Type Dimension (mmxmmxmm) :^(cm at lOOK Inhomogeneity Ingot 
(%) 
\ 
Al n 1.077 X 0.937 X 10.5 8.67 X lolG 5 F19 
A2 A n 1.247 X 1.411 X 13.0 5.03 X lO^G 3 F19 
A3 n 1.353 X 1.406 X 12.8 2.71 X lolG 4 J23 
JlA n 1.177 X 1.143 X 12.5 2.97 X lO^G 10 J1 
B1 B n 1.437 X 
l 
1.488 
1 
X 12.0 1.10 X lO^G 2 J8 
Cl n 1.437 X 1.488 X 12.0 1.33 X lO^G 7 J8 
C2 C n 1.201 X 1.304 X 11.1 5.52 X 10l5 2.7 J8 
C3 n 1.228 X 1.244 X 10.3 2.08 X lO^S 5 PI 
D1 n 0.967 X 1.267 X 9.9 1.29 X 10^5 4 PI 
D2 
D 
n 1.148 X 1.309 X 11.0 1.04 X 10^5 4 PI 
Figure 13. Temperature dependence of Hall coefficients. 
C-samples show Hall coefficient maxima just 
before the onset of intrinsic conduction 
(dashed straight line). 
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carrier concentrations. The purest sample, D2, shows a 
behavior of the Hall coefficient which is normal and similar 
to that of the A- and B-samples. 
The temperature dependence of the resistivities are 
shown in Figure 14. For all samples the resistivities pass 
through minima near 77K. Above this temperature all the 
donor impurities are ionized. The resistivity increases 
with increasing temperature above lOOK owing to increase 
in thermal scattering. 
For A-samples, the temperature dependence of the resis­
tivity shows the normal behavior expected of a simple semi­
conductor. Sample Bl also shows a behavior which is nor­
mal and similar to that of the A-samples, but sample Bl 
exhibits a sharper increase in the resistivity with increas­
ing temperature from 77K to 300K. 
The C-samples with carrier concentrations from 2.1 x 
10^^ cm~^ to 1.3 X 10^^ cm"^, however, show an anomalous be­
havior in the curves of resistivity versus temperature. Sam­
ple Cl, which has 1.2 times more charge carriers than sample 
Bl has six times the resistivity of sample Bl at 77K. The 
temperature dependence of the resistivity of sample Cl is 
similar to that of the A-samples from 77K to 230K. But the 
resistivity of Cl shows a sudden decrease near270K where 
the Hall coefficient has a maximum, as shown in Figure 13. 
At 292K the resistivity curve of the sample Cl crosses that 
Figure 14. Temperature dependence of resistivities. 
Sample Bl shows the sharpest shape in the 
extrinsic region. For C-samples the 
resistivity suddenly decreases near 250K 
with increasing temperature indicating that 
electrons move up into a higher band where 
they have a higher mobility. 
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of sample Bl, and then exhibits a normal behavior. 
Similar anormalous phenomena are observed in samples 
C2 and C3, but the decrease in resistivity appears at lower 
temperatures as the carrier concentration decreases. The 
resistivity curve of sample D2 crosses that of sample C3 at 
235K. Also, sample C3, which has a smaller carrier concen­
tration than that of sample D2 by a factor of two, has twice 
the resistivity of sample D2 at 77K. The resistivity versus 
temperature curve of sample D2 seems to be normal, since it 
is similar to that of the A-samples, except it is less sharp 
near the onset of intrinsic conduction. 
The field dependence of the Hall coefficients is shown 
in Figure 15. The Hall coefficients were nearly independent 
of the magnetic field strength up to 7 kilogauss, although 
a slight decrease in Hall coefficient above 4 kilogauss was 
observed. Martin^ found that the field dependence of the 
Hall coefficient in Mg2Ge was negligible even at 15 kilogauss. 
The Hall coefficients in the limit of zero field were ob­
tained by extrapolating the Hall coefficients to zero field. 
From the Hall and resistivity data the Hall mobility 
Rq/Po was plotted as a function of temperature in Figure 15 -
For A-samples the Hall mobility varies as above 150K 
indicating that acoustic mode scattering is dominant at high 
^Martin J. J., Iowa State University, Ames, Iowa. 
Hall data. Private communcation. 1958. 
Figure 15. Field dependence of Hall coefficients. The 
Hall coefficients are nearly independent of 
the magnetic field up to 7k gauss. 
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Figure 15. Temperature dependence of Hall mobilities. 
For A-samples the Hall mobility varies as 
T-1«6 at high temperatures indicating that 
acoustic mode scattering is dominant. The 
purer samples C and-D show quite low mobility 
values at low temperatures and all samples 
show similar mobility values above 300K. 
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temperatures. The Hall mobility of sample Bl varies as 
—2 0  T ' . Redin et (48) reported a similar temperature 
dependence of the Hall mobility for one of their n-type 
Mg^Ge samples (sample llB-1). 
The Hall mobilities of the C-samples are nearly six to 
ten times smaller than those of the A-samples from 5OK to 
220k, although the temperature dependence of the C-samples 
is similar to that of the A-samples. The Hall mobilities 
of the C-samples, however, increase sharply with increasing 
temperature above 220K and become almost as large as the Hall 
mobilities of the A-samples above BOOK. D-samples also show 
this anomalous behavior in their Hall mobility versus tem­
perature curves, but the magnitude of the Hall mobilities at 
low temperature is larger for D-samples than for C-samples. 
Our data of the resistivity. Hall coefficient and Hall 
mobility of samples Bl, D1 and D2 are in good agreement with 
the data previously reported by Redin et (48) who made 
measurements on samples having similar carrier concentrations. 
Data for the A-samples are in agreement with the results of 
Whitsett (57) who measured a sample having a carrier concen­
tration of 10^^ cm ^. 
In Figure 17 the Hall mobilities are plotted as func­
tions of carrier concentrations for temperatures of 77K and 
BOOK. For 77K the Hall mobilities are different for dif­
ferent groups of samples. The B-sample has the highest 
Figure 17. Hall mobility as a function of carrier concentration. 
The data points 7B1, 7B3 and llBl are taken from the 
earlier report by Redin et (48). The Hall mo­
bilities at 77K for six additional samples, JlA, J8A, 
J8B, JMPl and PlD, are also shown in the figure. The 
solid line shows the Hall mobilities at 77K, the 
dashed line shows the Hall mobilities at 300K. The 
large variation in Hall mobilities at 77K disappears 
at 300K. 
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3 2 
mobility of 4 x 10 an /volt-sec, and A-, D- and C-samples 
come next in order. The Hall mobility decreases with de­
creasing carrier concentration for the C- and D-samples 
indicating that compensation is significant for pure samples. 
However, above 300K the characteristic differences of the 
Hall mobilities disappear. 
It is interesting to note the effects of the distilla­
tion of the magnesium metal used to grow the crystals. In 
Figure 18 the resistivity and Hall coefficient of sample 
JlA (grown with undistilled magnesium) are compared to the 
resistivity and Hall coefficient of sample Al (grown with 
distilled magnesium). The most significant difference is 
that sample JlA has an extra deep donor impurity level (Fig­
ure 18(b)). Due to this deep donor level, sample JlA con­
tinues its donor-ionization process throughout the extrinsic 
temperature region. As a result of this behavior, the re­
sistivity decreases with increasing temperature up to 200K. 
B. Magnetoresistance 
Magnetoresistance measurements were made for all sam­
ples from 77K to 300K. For samples Al, A2 and C2 the tem­
perature was extended down to 48K. In Figure 19 the mag­
netoresistance coefficients at 77K of seven samples are 
plotted as functions of 0, where 0 is the angle between the 
magnetic field and the current. The angular dependence of 
Figure 18. Effect of Mg distillation on electrical properties 
of MggGe. 
(a) Resistivity as a function of temperature 
for Mg2Ge grown with distilled magnesium 
(Al) and with undistilled magnesium (JlA). 
(b) Hall coefficient as a function of temperature 
for these same samples. The sample with 
undistilled magnesium shows evidence of two 
impurity levels, one shallow level indi­
cated by the small slope from 5OK to lOOK, 
and one deep level indicated by the much 
greater slope from lOOK to 300K. 
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Figure 19. Angular dependence of the magnetoresistance 
coefficients at 77K. A, B, C, and D samples 
show distinctive differences in their angu­
lar dependence. 
69 
-9 
5 
2 
• -C2 
A-C 1 
9 -8 I 
•  -D2 
.-10 
<3 II)» <1 rz)» 
-45  0  45 90  135 180 225 
0  (DEGREE)  
70 
the magnetoresistance coefficient shows a distinctive pat­
tern for each group of samples. A- and B-sample have a sim­
ilar pattern, but the magnetoresistance coefficient of the 
B-sample is nearly ten times larger than that of the A-sam­
ples. 
The field dependence of the magnetoresistance was meas­
ured for 6=0° (longitudinal magnetoresistance, > © = 
45° ® = 90° (transverse magnetoresistance, and 
6 = 135° )• Some of the measurements for © = 0° and 
6 = 90° are shown in Figure 20 (a) and (b). The magnetore-
2 
sistance shows the normal B dependence at low fields, but 
2 slowly deviates from this B dependence above 4 kilogauss. 
The temperature dependence of the longitudinal and 
transverse magnetoresistance coefficients are shown in Fig­
ure 21 (a) and (b) respectively. The data of the magneto­
resistance coefficients of all A-samples form one slope and 
the data of B-, C- and D-samples form another slope for both 
longitudinal and transverse magnetoresistance coefficients. 
The temperature dependence of each slope is given in Figure 
21 (a) and (b). The decrease in the longitudinal and trans­
verse magnetoresistance coefficients below lOOK is attributed 
to the increase in scattering by ionized impurities. 
In Figure 22 the transverse magnetoresistance coeffi­
cients of seven samples are plotted as functions of carrier 
concentrations at 77, 155 and 250K. The magnetoresistance 
Figure 20. Dependence of the magnetoresistance upon 
magnetic field. The magnetoresistance 
varies as the square of the magnetic field 
at low fields. 
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Figure 21, Magnetoresistance of Mg2Ge. 
(a) Temperature dependence of the longitudinal 
magnetoresistance coefficient. 
(b) Temperature dependence of the transverse 
magnetoresistance coefficient. 
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Figure 22. Magnetoresistance as a function of carrier con­
centration for 77K, 165K and 250K. The magneto­
resistance increases sharply near n=1.5xlOr 
cm~^ with decreasing carrier concentration. 
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coefficient increases sharply with decreasing carrier con-
16 —3 
centration near n = 1.5 x 10 cm" (boundary of A- and B-
sample). The step function-like curves become sharper at 
the lower temperatures. 
The magnetoresistance coefficients in the limit of zero 
—— o o 
field, ^112' ^ 112 ^112' determined from 
tangents drawn through the point B = 0 as shown in Figure 20 
(a) and (b). The inverse Seitz coefficients b, c, and d were 
obtained from Equation 25. The values of the coefficients 
are listed in Table 5 for all samples at each different tem­
perature. 
The coefficients b + c and d are plotted as functions 
of carrier concentrations in Figure 23. For A-samples the 
coefficients b, c, and d satisfy the relation, 
b + c + d = 0 ,  d  <  0  ,  ( 3 4 )  
for all temperatures. This result indicates that the con-
duction-band minima of MggGe consist of constant energy 
ellipsoids along <100> directions in the Brillouin zone. 
The coefficients b, c and d of B-sample also satisfy approx­
imately the symmetry required of <100> many-valley conduction. 
There is, however, a deviation of 4% at 77K and 16% at 200K. 
For C- and D-samples, the coefficients b, c and d satisfy 
none of the relations in Equation 32 below 25OK. However, 
the symmetry relation most nearly satisfied by the coeffi­
cients of the C-samples is the <100> symmetry relation. On 
Table 5. Galvanomagnetic coefficients. 
T 
(K) 
P o  
(0cm) 
*o 
(cm^ 
coul"^) 
2 —1 (cm V sec) 
b 
(gauss"^) 
Sample Al 
48. , 6 8. ,22 X 10" -2 1 .24 X10% 1.51X10^ 5 .93 X10-11 
77. 3 5. 13 X 10' -2 8 .58 X 10 1.66 X 10^ 4 .21X10"11 
142. 5 6. 40 X 10" -2 6 .59 X 10 1.02 X10^ 1 .43 X10-11 
205. 7 1. 02 X 10" -1 6 .14x10 6.04 X10^ 8 .35 X10-12 
Sample A2 
49. 0 1. 72 X 10" -1 2 .43 X10^ 1.39 X 10^ 7 .83 X10-11 
77. 0 9. 90 X 10" -2 1 .53 X 10^ 1.54 X10^ 5 .05 X10-11 
162. 5 1. 47 X 10" •1 1 .11X 10^ 7.59 X 10^ 1 .27 X10-11 
227. 4 2. 38 X 10" •1 1 .04 X 10^ 4.39 X10% 6 .29 X10-12 
287. 2 3. 41 X 10" -1 1 .02 X10% 2.98 X10^ 3 .94x10-12 
Sample A3 
77. 0 1. 20 X 10" -1 2 .84 X10^ 2.37 X10^ 6 .69 X10-11 
127. 0 1. 50 X 10" •1 2 .16 X10^ 1.44 X10^ 2 .19 X10-11 
174. 0 2. 34 X 10" •1 2 .03 X10^ 8.66 X10^ 1 .14 X10-11 
227. 3 3. 47 X 10" •1 2 .06 X10^ 5.92 X10% 7 .51 X10-12 
271. 0 4. 59 X 10" •1 2 .05 X10% 4.47x10^ 4 .98 X10-12 
Sample B1 
77. 0 1. 68 X 10" 1 6, .46 X10^ 3.84 X10^ 5, .62 X10-1° 
203. 5 7. 80 X 10" 1 5, .25 X10^ 6.72 X10^ 2 .35 X10-11 
77 
c d K 
(gauss"^) (gauss"2) 2 —1 (on V" sec 
-3.97 XlO'll -1.94 X10-11 1.59 1.155 1.30x 10^ 
-1.76 XlO'll -2.46X10-11 1.64 1.152 1.44x10^ 
-1.25 X10-12 -1.22 X10-11 1.88 1.138 8.98 Xlo2 
-1.83 XlO'lZ -6.64 X10-12 2.02 1.130 5.35 Xlo2 
-5.20 XIQ-ll -2."79 X10-11 1.76 1.145 1.21X10^ 
-2.01 X lor^i -3.10 X 10-11 1.80 1.142 1.35 X10^ 
-6.02 X lO'lZ -1.29 X10-11 2.24 1.118 6.78 X 102 
-4.72 X10"13 -5.92 X10-12 2.49 1.105 3.97 X lo2 
-6.05 XlO'l^ -3.30 X10-12 2.66 1.097 2.72 X lo2 
-2.bO X lor^i -3.92 X10-11 1.58 1.155 2.05 X10^ 
-5.10 X10-12 -1.62 X10-11 1.61 1.153 1.25 X10^ 
-1.23 X10-12 -1.04 X10-11 1.87 1.138 7.61Xlo2 
-2.33 X10-13 -7.25 X10-12 2.18 1.121 5.28 xlo2 
-2.40 X10-13 -4.70 X10-12 2.26 1.117 4.00Xlo2 
2.13 X10-1° -7.46 X10-1° 3.50 1.063 3.61X10^ 
7.35 X10-12 -2.66 X10-11 3.90 1.050 6.40 xlO^ 
Table 5 (Continued) 
T Po b 
(K) (Qcan) (cm? (cm^V"^sec) (gauss"^) 
coul"^ 
Sample Cl 
77.0 1.07 5.31 xlO^ 4.95 X10^ 3.67 X10-1° 
184.5 2.60 4.46 X10% 1.71X10^ 2.92 XlOT^l 
301.5 1.37 4.34 X10^ 3.16 X10^ 2.99 X10-12 
• - Sample C2 
48.0 7.15 2.19 X10^ 3.06 X10% 5.42 X10-1° 
77.0 4.40 1.34 xlO^ 3.05 X10% 4.05 X10-1° 
165.3 8.52 9.61X10% 1.13 xlO^ 4.18 X10-11 
252.0 8.94 8.70 X10^ 9.74 x10 8.19x10-12 
269.0 6.08 9.67 X10% 1.59 X10% 6.09 X10-12 
287.8 3.44 1.02 X10^ 2.96 X10^ 9.17 x10-12 
313.0 3.28 9.68 X 10^ 2.95 X10^ 5.03 X10-12 
Sample C3 
77.0 1.73 X10 3.51 xlO^ 2.03 X10^ 4.99 X10-1° 
169.0 2.92 X10 3.07 X10^ 1.05 X 10^ 4.46 X10-11 
258.6 1.26x10 3.40 X10^ 2.70X 10^ 9.59 X10-12 
292.1 1.02 X10 3.08 X10^ 3.02 X10% 7.57 X10-12 
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—2 —2 2 —1 (gauss ) (gauss ) (cm V~ sec) 
1.75 X10-1° -6.51 X10-11 
8.95 X10-12 -9.14 X10-12 
-8.30 xlO-1^ -2.07 X10-12 2 .17 1 .121 2 .82 X102 
3.12 X10-1° 1.13 X10-1° 
3.00 xlO-l° 1.35 X10-1° 
2.15 X10-11 4.83 X10-12 
1.51 X10-12 -2.38 X10-12 
2.68 xlO-1^ -3.49 X10-12 
-3.78 X10-12 -6.14 X10-12 3 .10 1 .078 2 .75 X 103 
-1.75 X10-12 -4.14 X10-12 2 .75 1 .093 2 .60 Xlo2 
9.85 X10-11 -1.82 X10-1° 
4.87 X10-11 -1.40 X10-11 
-9.65 xlO-1^ —4.66 X 10-12 
-2.12 X10-12 -5.01 X10-12 3 .04 1 .080 2 .70X102 
Table 5 (Continued) 
T P o  b 
(K) (Qcm) (cm^ (cm^V~^sec) (gauss"^) 
coul"^) 
Sample D1 
77.0 4.89 __5 .70 X 10^ 1.17 X 10^ 3 .80x10 -1° 
159.0 9.04 4.71X10^ 5.21 X10% 2 .12x10-11 
258.8 1 . 38 X 10 4.41X10^ 3.19x10^ 6 .26x10-12 
Sample D2 
77.0 8.40 7.26 X10^ 8.64 xlO^ 3 .82 X10-1° 
176.1 1 .65 X 10 6.01X10^ 3.63 X10^ 3 .83 X10-11 
200.3 1 .83 X  10 5.97 X10^  3.26 X10% 2 .60 X IQ-ll 
270.7 1 .84 X  10 5.17 X10^  2.80 X10^  9 .99 X10-12 
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C a  K  ti, 
—2 —2 2 —1 (gauss" ) (gauss ) (cm V~ sec) 
-1.14X10"1° 
1.60 X10"11 
-1.05 X10"12 
5.18 XLO'LL 
1.71x10-11 
-4.44x10-12 
-2.44 X10-11 
-1.63 X10-12 
-5.13 X10-12 
-2.36 X10-12 
1 .99 X 10" •11 
-1 .40 X 10" 11 
-7 .73 X 10" •12 
-3 .87 X 10" 12 
Figure 23. Seitz coefficients b+ c and d are plotted as 
functions of carrier concentration. A-samples 
and B1 sample show the symmetry relation of 
<100> ellipsoids (b+c=-d and d < 0). 
b  +  c ,  d  ( g a u s s )  
C8 
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the other hand, the coefficient d changes sign for the D-
samples (d > 0), and the <110> symmetry relation is most 
nearly satisfied by the coefficients of the D-samples. We 
must assume, therefore, that for the C- and D-samples the 
contributions to the magnetoresistance coefficients come 
from electrons in two different bands. However, above 300K 
the coefficients of the C- and D-samples tend to satisfy 
Equation 34 indicating that the electrons occupy <100> 
valleys at high temperatures. 
The anisotropy parameter K = (m^ /m^)/('r^ can be 
calculated from the relation 
b + = -  d, = -1)2 (35) 
b + (RQCJQ) + K + 1 
which can be derived from the relations in Table 3. The K 
values are listed in Table 5. 
The temperature dependence of K is shown in Figure 24. 
The K value of A-samples decreases with decreasing tempera­
ture from K = 2.5 at 300K to K = 1.6 at 50K. The K value 
of sample Bl is nearly double the K value of the A-samples. 
The temperature dependence of K is similar to that of n-type 
Ge (33) in the temperature range 5OK to 300K. The decrease 
in K with decreasing temperature can be attributed to the 
increase in scattering by ionized impurities. 
The ratio where is the Hall mobility and |i^ is 
I 
Figure 24. Temperature dependence of the anisotropy 
parameter K for A-samples and Bl sample. 
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the conduction mobility, can be calculated from the magneto-
resistance data. From the relations in Table 3 one obtains 
a _ + 1 <t!> _1 K(K+ 2) 
a - = c , ^2 ^ o (2K+ 1) 
<T> 
The explicit expression for the Hall coefficient is given by 
Equation 19, 
^o = -^o 
T _1_ <T^> 3K(K+ 2) 
= nec <^>2 (2K+ 1,2 ' 
where the negative sign is for electrons and the positive 
sign is for holes. Then, 
^^3K1K±4. (38) 
<T> (2K+ l)'^ 
For acoustic mode scattering, 
_ 37r 3K(K+ 2) 
I'o ® (2K+1)^ 
The calculated values of are listed in Table 5. 
The temperature dependence of the ratio is given 
87 
in Figure 25. For A-samples the ratio decreases with in­
creasing temperature from 1.15 at 5OK to 1.10 at 300K. The 
ratio is smaller for the Bl sample than for the A-samples. 
The ratio varies from 1.063 at 77K to 1.05 at 200K. 
The conduction mobility was calculated from the meas-
—X 5 2 
ured Hall mobility. The conduction mobility varied as T~ * 
for A-samples indicating that acoustic mode scattering is 
dominant for A-samples at high temperatures. In Table 6 
the temperature dependences of the Hall and conduction mo­
bilities of both A- and B-sample are listed. The temperature 
dependence of the mobilities of samples A2 is shown in Fig­
ure 25. 
Table 6. Temperature dependence of Hall and conduction 
mobilities. 
Temperature Dependence 
Sample 
^''H 
A1 T-1'G4 t"^.52 
A2 T-1'G2 ,p-1.53 
A3 T-1'62 T'l'SO 
Bl T-2.05 ^-1.93 
Figure 25. Temperature dependence of the ratio Hall 
mobility to conduction mobility jx„/p, 
for A-samples and Bl sample. ^ 
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Figure 26. The temperature dependence of the Hall and con­
duction mobilities. At high tonperatures the 
acoustic mode scattering is dominant, but at 
low temperatures ionized impurity scattering 
is important. 
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V. DISCUSSION 
A. Conduction Band Model 
The resistivity. Hall coefficient. Hall mobility and 
magnetoresistance of n-type MggGe samples with various car­
rier concentrations indicate that the conduction band of 
MggGe has several band minima characterized by different 
mobility values. Our data can be explained qualitatively 
on the basis of the triple band model shown in Figure 27. 
In this model the conduction band of MggGe has three minima 
A, C, and D, with the A-minimum at the highest energy level 
and the D-minimum at the lowest energy leve . The energy 
separation between the A and C minima AE^^, is much larger 
than the energy separation between the C and D minima, 
The A-band has the highest mobility, and the C-band has the 
lowest mobility. 
Tl is quite conccivable that, for pure samples, the 
l)and:i A and c. may be nearly empty at low temperatures; 
but, for impure samples, all three bands A, C and D may 
contain appreciable numbers of electrons at all temperatures. 
At low temperatures the differences in the galvanomagnetic 
effects of the four groups of samples might stem from the 
differences in mobilities of the electrons for these band-
minima. At high temperatures, however, nearly all electrons 
will be in the highest band minimum, and these differences in 
galvanomagnetic properties disappear. 
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Figure 27. Conduction band model for MggGe. 
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This band model is partly based on suggestions from 
Herman^ who calculated the band structures of some of the 
MggX (X = Sn, Ge, Si and Pb) compounds. 
B. Hall Coefficient 
The existence of maxima in the Hall coefficients of 
the C-samples at high temperatures can be understood from 
this model. The expression for the Hall coefficient for a 
two band model is given by the relation 
, R , .  A i  """" ' , (39) 
2 2 
where t is the relaxation time (<T >/<t7> being assumed to 
be the same for electrons in each band), n is the density 
of the electrons and |x is the mobility of the electrons. 
The subscripts "A" and "C" denote the A- and C-band. Equa­
tion 39 can be written as 
+ Wn |R| = (const) 5— , (40) 
(x + y)2 
where x = n^^, and y = n^^. The first derivative of |R[ 
with respect to x is 
^Herman, F., Lockheed Missiles and Space Co., Palo 
Alto, California. Band calculation. Private communication. 
1968. 
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8|R| . . " Y (M'A. - 2^C) 
= (const) 
(X + y,3 
We get a maximum or minimum of IRI when 
9 I R I 
-7— =0 or X = (1 - -—)y . (41) 
ax 
The second derivative gives 
. 2  a" R 
8x^ (x+ y) 
X= (i-^)y 
(const)y 
4(^2 - < 0 ' (42) 
since > |.i^. 
Thus |R| has a maximum at 
X = (1 - -^)y . 
'"A 
Figure 28 shows x and y versus temperature for all samples. 
AH the temperature is raised electrons go to the upper band 
from the lower band. The result is an increase in x and a 
decrease in y. For the impure A- and B-samples x is much 
larger than y at all temperatures and the maximum condition 
(41) is never satisfied. Therefore, no Hall-coefficient 
maximum is observed for the A- and B-samples. For the pure 
C-samples, however, x and y cross near 270K and the condi­
tion (3) is satisfied. For the purer samples among the C-
Figure 28. The quantities x = n^ and y = n^^ are plotted 
as a function of temperature for different sam­
ples. 
(a) X > y for all temperatures and, consequently, 
no Hall maximum is observed. 
, (b) X = Y near 270K and a Hall maximum is ob­
served. 
(c) y > X for all extrinsic temperatures and, 
consequently, no Hall maximum is observed. 
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samples y decreases with increasing temperature faster than 
X does due to intervalley scattering between electrons in 
the C and D bands. Thus the crossing point of x and y occurs 
at lower temperatures. This result explains why the maxima 
of the Hall coefficients of the C-samples move toward lower 
temperatures as the carrier concentration decreases. On the 
other hand, for D-samples, y is larger than x for the entire 
extrinsic temperature region and, consequently, no maximum 
is observed for the D-samples. 
A similar anomaly in the Hall coefficient has been ob­
served in n-type GaSb (49, 54, 36). The anomaly in n-GaSb 
was explained on the basis of a two-band model with the sub­
sidiary <111> valleys 0.8 eV above the principal valley at 
—y 
k = 0. The maxima of the Hall coefficients of n-type GaSb 
move toward higher temperatures (49 ) as the carrier concen­
tration decreases, however, since the higher band has the 
lower mobility for n-type GaSb. 
C. Energy Separation Between A- and C-Minima 
The energy separation can be determined from the 
temperature dependence of the Hall coefficient. From the 
method of Aukerman and Willardsoh (2), and independently of 
Kravchenko and Sardaryan (31), who calculated AE between two 
minima of the conduction band of GaAs, we obtain an expres­
sion 
98 
izi i . %, 
b2 
Here is the Hall coefficient when all carriers are in the 
C-band at T = lOOK, and 
b = < 1 • 
From the temperature dependence of the Hall coefficient of 
the sample C3 above 10OK, we obtained 
= 0.04 eV . (44) 
* 
In this calculation b, and m were assumed to be inde­
pendent of temperature. 
From the change in electron structure (Figure 16), we 
estimate the value of this energy gap to be 
AE^^ ^  0.025 eV . (45) 
This energy corresponds to the energy separation between 
two minima at 300K, and is not far off from the value in 
Equation 44. 
We do not have enough information to obtain an accurate 
value of AE, but our approximate value of 0.025 to 0.04 eV 
for the energy separation between the A- and C-band is sup­
ported by previous investigations on MggGe. Stella and 
Lynch (53) concluded from their photoconductivity measure­
ments on MggGe that there existed two conduction band minima 
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separated by about 0.02 eV. Similar values of 0.03 eV were 
reported by Lott and Lynch (37) from infrared absorption of 
Mg^Ge. Mead (41) reported 0.031 eV as the energy separation 
of the two conduction band minima. 
D- Resistivity 
The anomaly in the temperature dependence of the re­
sistivity can also be explained from our model. In A-sam­
ples, all three band minima are occupied by charge carriers 
at 50K. The resistivity is the sum of the contributions 
from the three minima; 
Po = + VoH = l/(en^p.^) (45) 
since n^p,^ is dominant. Expression 46 is just the resistiv­
ity for a simple semiconductor, and A-samples behave like 
simple semiconductors as shown in Figure 15. 
The B1 sample, which has smaller carrier concentration 
Uian the A-samples, shows a rather steep temperature de­
pendence of the resistivity at T>77K. This result can be 
explained if the bottom of the A-band deviates from a 
parabolic shape such that the edge is sharp and the band 
widens above the minimum as shown in Figure 27. At low 
temperatures the electrons occupy states near the sharp 
edge with small effective mass. As the temperature increases 
the electrons are excited to higher states with larger ef­
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fective masses. The resistivity increase comes not only 
from the increase in thermal scattering, but also from the 
increase in effective masses of the electrons. The result 
is a steep temperature dependence for the B1 sample above 
77K. 
For the C-samples, however, electrons occupy only the 
C- and D-band at 77K. The large resistivities of the C-sam­
ples are caused by the large radius of curvature of the C-
band and hence a large effective mass and small mobility 
for the electrons. As the temperature increases above 250K 
many electrons move into the A-band (large mobility band) 
and the resistivities decrease rapidly. The C- and D-band 
minima are very close in energy, but are in different di­
rections in the Brillouin zone as indicated by the magneto-
resistance data. Intervalley scattering may occur between 
the C- and D-bands, and, as a result, the C3 sample has a 
resistivity larger than that of the D-seiraples below 250K. 
E. Hall Mobility 
The effects of the multi-conduction band minima are 
very apparent in the versus T curves shown in Figure 16. 
The temperature dependence of the Hall and conduction mo­
bilities of the A-samples, and [i,^ are 
in good agreement with the theoretical value T~^*^ for 
acoustic mode scattering. The decrease in the Hall mobility 
101 
with decreasing temperature below 7OK is attributed to 
scattering by ionized impurities. 
The C- and D-samples show a temperature dependence of 
similar to that of the A-samples up to 200K. However, as 
the temperature increases the electrons move to the A-band 
where they have a larger mobility. Accordingly, the Hall 
mobility increases rapidly with temperature up to 300K. The 
Hall coefficients of the C- and D-samples (Figure 14) show 
that the rise in mobility from 220 to 300K is not due to 
additional charge carriers, but rather is due to the change 
in mobility of existing charge carriers as they are excitad 
to the A-band. 
F. Magnetoresistance 
The shapes and locations of the three bands in our model 
can be determined from our magnetoresistance data. Table 
5 shows that the A-band minima are characterized by <100> 
ellipsoids with an anisotropy parameter K = = 1.6 
at 77K and K - 2.5 at 300K. The K value of the A-band of 
MggGe is small when compared to the K value of other ma­
terials such as n-Ge (K = 11.6 at 77K) (21, 20), n-Si 
(K = 4.6 at 68K (45) and K = 5.2 at 8OK ( 5 )) and n-Mg^Sn 
(K = 2.7 at 77K ) (56 , 10 ) . 
The <100> valleys for the principal conduction band • 
(A-band) of MggGe is reasonable since the other Mg^X 
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compounds/ such as MÇgSn (10, 56) and Mg^Si (59), also 
showed <100> conduction valleys with similar carrier con­
centrations. In fact, preliminary piezoresistance measure­
ments were performed on MggGe by Grossman^ and later more 
2 2 
extensively by Tanaka. The data indicated that the con­
duction band consisted of <100> valleys for samples with 
n>4 X 10^^ cm"^. The data in pure samples (n < 10^^ cm~^), 
however, were difficult to interpret. 
The theoretical calculation of the electronic band 
structure of MggGe by the pseudopotential method (34) shows 
that = (mjj /m^)/(mj^/m^) = 0.63/0.25 = 2.52 where is 
the mass anisotropy. If we assume the relaxation-time 
ani sot ropy /t^ = 1 at 4.2K and 300K as was shown 
for n-type Ge by Laff and Fan (33), then our experimental 
value K= = 2.5 at 300K is in good agreement with the 
theoretical value of = 2.52. 
The conduction effective mass is given by 
f ("IF + "4) • (47) 
m m in'J 
* * . 
Using mII /m^ = 0.63 and ni^^/niQ = 0.25, we get 
^Grossman, L. D., Iowa State University, Ames, Iowa. 
Piezoresistance. Private communication. 1968. 
2 Tanaka, K., Iowa State University, Ames, Iowa. 
Piezoresistance. Private communcation. 1968. 
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= 0.313 (48) 
'M 
for the A-band. Redin et al. (48) obtained m =0.18m from 
— — n o 
pure samples of n-MggGe (corresponding to our B- and D-
* 
samples) in the intrinsic region. Their calculation of m^ 
was based on while our A-samples showed 
This difference in exponent might reconcile the discrepancy 
between the two effective masses. 
The anisotropy of the magnetoresistance of the Bl sam­
ple also satisfies the symmetry condition for <100> many-
valley conduction. But the anisotropy parameter for the B-
band is K = 3.5 at 77K and K = 4 at 300K (Figure 23) which 
is almost twice the K value for the A-band. The difference 
in K values and all other galvanomagnetic effects between 
the A- and B-bands suggest the following possibilities: 
1) A and B are two different bands with their minima along 
the same <100> directions. The minimum of the A-band lies 
above that of B-band. The A-band is parabolic, but the B-
band deviates from a parabolic shape except near the band 
edge; 2) A and B are the same band, but the bottom of the 
band is warped. In Figure 27 the bands are drawn according 
to the second possibility. 
Similar differences between the A- and B-bands have 
been observed in MggSn. Umeda (56) obtained from magneto-
resistance data K = 2.7 at 77K from a sample having n = 
104 
17 —3 7 X 10 cm , and K = 3.5 at 77K from a sample having n = 
1.1 X 10^^ cm~^ from his magnetoresistance data of MggSn, 
while Grossman and Danielson (10) obtained from piezoresis-
tance data K = 2.65 at 77K from several samples having n = 
3.5 X lO^G to 6.5 X lO^G cm"^. K = 2.7 (56) and K = 2.65 
(10) seem to represent one band, and K = 3.5 (56) seems to 
represent another band (possibility (1)) or they represent 
the same band which is warped at the bottom (possibility 
(2)) . 
Figure 23 shows that the C-band is very probably an­
other set of <100> valleys, and the D-band is either a set 
of <110> or <111> valleys. Presumably, the minima of the 
C- and D-bands lie close in energy, and, accordingly, one 
cannot obtain magnetoresistance data of each band separately. 
* 
The conduction effective mass for the C-band, m^, can 
be estimated from Equation 43 and our estimated value of 
•k (Equation 45) and m^ (Equation 48). From Figure 13, 
(R-R^)/R^ from curve C3 at 250 K is 0.133. (b-l)^/b^ is 
approximated from Figure 16 to be 1.96. We then obtain 
m^ = 2.38 m^ = 0.75 m^ . (49) 
This estimate neglects contributions from the D-band. There­
fore, this value may be considered some average of the con­
duction effective masses of both the C- and D-bands. 
From our band model the previous work by Stella and Lynch (53), 
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and Lott and Lynch (37) on the conduction band of MggGe can be 
understood. The photoresponse peak at 0.02 eV (n-type only) 
below the energy gap of 0.60 eV was interpreted by Stella 
and Lynch (53) in terms of electron transitions from the 
conduction band to states in another higher conduction band. 
Their interpretation fits naturally into our band model. 
Lott and Lynch (37) observed an infrared absorption band 
at about 0.57 eV and another secondary absorption band at 
about 0.60 eV, both masking the absorption edge at about 
0.60 eV. It was not clear whether the energy separation of 
0.03 eV arose from the activation energy of the donor im­
purities or from the energy difference of two conduction 
band minima suggested by Lee's band calculation (34). Since 
the impurity activation energy measured by Martin^ is only 
about 0.01 eV, the first interpretation is not attractive, 
and the explanation in terms of the multi-band scheme is more 
favorable. Similar absorption bands were observed in n-type 
MggSi (28) and in n-type MggSn (35). The absorption bands 
were interpreted in terms of electronic transitions within 
the conduction bands as suggested by Paul (44). 
^Martin, J. J., Iowa State University, Ames, Iowa. 
Hall data. Private communication. 1968. 
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VI. CONCLUSION AND RECOMMENDATIONS 
A. Conclusion 
The electrical resistivity. Hall coefficient and magneto-
resistance of n-type MggGe have been measured as functions of 
carrier concentrations and temperature. The galvanomagnetic 
effects depended strongly on both carrier concentration and 
temperature. 
Our experiments suggest a triple conduction band for 
Mg^Ge. The highest band minima are characterized by <100> 
* * 
ellipsoids with K = 1.5 at 77K, m^ = 0.53m^, = 0.25m^, 
and = 2000 cm /volt-sec at 77K. This band is deformed 
near the bottom edge such that K = 3.5 at 77K and = 4000 
cm /volt-sec at 77K (or there is another band whose minima 
are located along the <100> directions). 
The second highest band minima also seem to be located 
along <100;^ directions, but the mobility of the electrons 
in this band is about one tenth that of the electrons in 
the band having the highest energy. The conduction ef­
fective mass of the electrons in the second highest band is 
estimated to be m* - 0.75 m^. The energy separation between 
the minima of the two <100> bands is estimated to be 0.025-
0.03 eV. The lowest band minima seems to lie along or near 
the <110> or <111> directions. The direction of these minima 
is not <100> and the minimum is not at k = 0. The true 
107 
direction is not clear. The energy corresponding to the 
lowest band minima is slightly lower than the energy cor­
responding to the second highest band minima. The mobility 
of the electrons in this lowest band is about half that of 
the electrons in the highest band. 
Acoustic mode scattering was dominant at high temper­
atures for most impure samples. For pure samples, however, 
scattering by compensated impurities and intervally scatter­
ing were significant. At low temperatures (T < 80) ionized 
impurity scattering was dominant for all samples. 
We might speculate that all other members of the MggX 
family may also have fine structure in their conduction 
bands similar to that observed in Mg^Ge. The fine structure 
has not been observed because samples of sufficiently high 
purity have not been available in MggSi, Mg^Sn, or MggPb. 
B. Future Work 
In the present experiments the lower two bands are not 
satisfactorily understood. In order to examine the lowest 
band, the galvanomagnetic effects should be measured on very 
pure samples and at very low temperatures. Once the infor­
mation about the lowest band has been obtained, it would be 
possible to understand the next highest band. 
It is worthwhile to extend the present experiments to 
other members of the Mg^X family if a wide range of carrier 
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concentrations can be obtained. 
Cyclotron resonance experiments and/or deHass-
Shubnikov oscillation measurements on MggGe are desirable 
in order to determine the effective masses of the charge 
carriers. 
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IX. APPENDIX 
Errors 
The uncertainties in this experiment entered through 
the measurements of the sample cross section, sample tem­
perature, magnetic field intensity, and differences in 
electrical potential. 
The sample dimensions were measured with a traveling 
microscope that had a least count of 1x10"^ cm. Therefore, 
the cross-sectional dimensions of the samples were accurate 
to about 2x10"^ cm or about 0.4%. 
The sample thermocouple could be read to one-tenth of 
a microvolt or to 0.003K. The sample temperature, however, 
may be different from the temperature of the thermocouple 
junction, but this error is less than 0.5K at lOOK. We 
estimate the uncertainty in sample temperature, therefore, 
to be less than 0.5%. 
The magnetic field was measured with a model 1890 
gaussmeter which had been calibrated by a synchronously 
driven rotating coil and a Rowson field indicator which 
had an accuracy of less than one percent. The error in cal­
ibration of the gaussmeter was therefore estimated to be 
about one percent, and thus the magnetic field measurements 
were estimated to be accurate within one percent. 
Differences in electrical potential were measured with 
a Rubicon potentiometer which could be read to 0.01 micro­
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volt. Since the smallest differences in potential were 
10 microvolts, this error had a maximum value of only 0.1 
percent. 
The maximum error in any measurement was, therefore, 
about one percent. In all graphs, accordingly, the error 
bars would be inside the symbol (circle, square, or triangle) 
showing the value of the measured quantity. 
